Abstract. The aim of this study was to investigate the effect of an immunosuppressant on the immunological status of New Zealand white rabbits after skin grafting, and to evaluate a method for monitoring the immunological status of subjects with skin transplants. The rabbits were randomly divided into allograft rejection, autograft tolerance, nontransplant, allograft low-dose immunosuppressant and allograft high-dose immunosuppressant groups. The rabbits in the low-and high-dose immunosuppressant groups were treated with cyclosporine A intravenously 8 h prior to skin transplantation and once daily following transplantation at doses of 2 and 25 mg/kg, respectively. At 12 days after skin transplantation, the spleens of donor (female) rabbits and recipient (male) rabbits were harvested for the preparation of single-cell suspensions. The splenocytes from recipient and donor rabbits were labeled with 0.3 or 6 µM carboxy fluorescein diacetate succinimidyl ester, respectively, and a mixed cell suspension was prepared. The final preparation was intravenously injected into recipient New Zealand white rabbits. The ratio of the two fluorescently labeled cell populations in the peripheral blood was measured using flow cytometry at 1, 2, 4 and 8 h after the injection, and the cell death rate was calculated. Histological analysis was also performed on samples collected at the time of splenectomy. The cell death rates of the allograft rejection and low-dose immunosuppressant groups reached their highest levels 8 h after the injection of spleen cell suspension. Allogeneic spleen cells from donor male rabbits were almost completely removed within 8 h of injection. The cell death rate increased slowly in the nontransplant, autograft and high-dose immunosuppressant groups without specificity. This study provides a specific method for the in vivo monitoring of the immunological status of patients after skin grafting. This method can quickly and accurately detect the immunological status of recipients following the injection of a mixed splenocyte suspension, thereby indicating the strength of immune rejection by the immune systems of the recipients.
Introduction
Immunosuppressants are usually used to prevent the occurrence of acute rejection following organ transplantation (1) . To reduce the adverse events associated with immunosuppressants, it is helpful to preserve the immune system of recipients, to reduce the dose of immunosuppressive drugs and/or to induce immune tolerance (2) (3) (4) (5) . In order to extend the duration of graft survival and to maximally reduce the side-effects associated with immunosuppressive agents, the doses of immunosuppressants can be optimized by monitoring the immunological status of transplant recipients and rejection. A variety of monitoring methods have been reported based on different cells and molecules involved in immune responses, including: Cell-mediated lymphotoxicity assay (6, 7) ; measurement of cytokines such as interleukin (IL)-2, IL-4, IL-10, γ-interferon, tumor necrosis factor (TNF)-α and soluble CD30 (8) (9) (10) (11) ; measurement of donor-specific antibodies in recipients' blood (12, 13) ; measur ing polyclonal T-cell responses to nonantigen-specific stimulations (14, 15) ; monitoring regulatory T-cells (Tregs) (16, 17) ; analysis of circulating mRNA precursors for cytokines (18, 19) ; and searching for rejection-related biomarkers in blood, urine or bronchoalveolar lavage fluid using proteomic methods (18, (20) (21) (22) . However, these immunological detection methods each have their own advantages, disadvantages and limitations due to the complexity of immune responses. In certain cases, conflicting results are obtained (23) .
Currently, the evaluation of clinical symptoms together with graft biopsy is the most commonly used method for monitoring a recipient's immunological status in clinical practice. However, biopsy is an invasive procedure that has inherent limitations. To abrogate the need for biopsy, a simple in vivo examination method was designed in the present study to monitor the immunological status of New Zealand white rabbits after skin grafting, inspired by the in vivo application of lymphocyte-mediated cytotoxicity tests. Establishment of the skin transplantation model. Rabbits were randomly divided into five groups, namely the allograft rejection group, autograft tolerance group, nontransplant (control) group, allograft low-dose immunosuppressant group and allograft high-dose immunosuppressant group. For rabbits in the three allograft groups, a patch of skin (3x3 cm) was cut from the back of the donor female rabbits, and the subcutaneous tissue was trimmed cleanly with ophthalmic scissors. Next, a patch of skin (3x3 cm) was obtained from the recipient male rabbits without removing the subcutaneous tissue. The donor skin graft was fixed onto the backs of the recipients with 5-0 noninvasive synthetic sutures. Wounds were covered with gauze and fixed with tapes. In the autograft tolerance group, a patch of skin (3x3 cm) was grafted in situ onto the back of the male rabbits as described above. Rabbits in the allograft low-dose immunosuppressant group were treated with 2 mg/kg cyclosporine A intravenously 8 h prior to transplantation and once a day following transplantation for 25 days. Rabbits in the allograft high-dose immunosuppressant group were treated with 25 mg/kg cyclosporine A intravenously 8 h prior to transplantation and once a day following transplantation for 25 days.
Preparation of single-cell suspensions. On day 12 after the transplantation, splenectomy was performed on all rabbits. Standard layered abdominal closure was performed and the rabbits recovered uneventfully. Fluid therapies were administered to all rabbits undergoing surgery and penicillin (80,000 U/kg) was administered intravenously following the surgery. In addition, samples from all skin grafts, including the rejected grafts, were collected at the time of surgery, stained with hematoxylin and eosin (H&E), and examined under a microscope.
Spleens of the male and female rabbits were crushed in RPMI-1640 medium, and the cell suspension was filtered with a 400-mesh stainless steel filter. Red blood cells were lysed using erythrocyte lysis buffer (BD Biosciences, San Jose, CA, USA), and a single-cell suspension was prepared with 0.01 mol/l phosphate-buffered saline. Cells from the recipient and donor rabbits were labeled with 0.3 and 0.6 µM carboxy fluorescein diacetate succinimidyl ester (Molecular Probes, Thermo Fisher Scientific, Inc., Eugene, OR, USA), respectively, at 37˚C for 15-20 min. Then, 5% fetal bovine serum was added to terminate the reaction. The cells were then resuspended and washed in phosphate-buffered saline. The cells labeled with 0.3 and 6 µM carboxy fluorescein diacetate succinimidyl ester were mixed in 1:1 ratio, and counted after dilution to a final concentration of 5-7x10 7 cells/l. The cells were examined via fluorescence microscopy, and a trypan blue exclusion test was performed to ensure the proportion of viable cells was >95%.
Subsequently on day 12, the single-cell suspension (20 ml) containing 1x10 9 cells was injected into recipient male rabbits via the auricular vein.
H&E staining. Samples of skin grafts (0.5x0.5 cm) were obtained during the surgery, fixed with formaldehyde and embedded with paraffin wax for slicing. The 5-µm slices of skin grafts underwent H&E staining; conventional glass slides were fixed with 95% ethanol for at ≥15 min, and then treated with water for 1 min, hematoxylin for 10 min, running water for 15 min, eosin for 30 sec, 95% ethanol for 1 min and 100% ethanol for 2 min. The H&E-stained slices were then observed using an XSP-BM19A optical microscope (Shanghai Optical Instrument Factory, Shanghai, China).
Flow cytometry. Blood samples were collected via auricular vein at 1, 2, 4 and 8 h after the infusion of the single-cell suspension. The ratio of the two types of labeled cells in 200 µl of peripheral blood was determined by flow cytometry. Prior to analysis, red blood cells were lysed using erythrocyte lysis buffer at room temperature, and the sample was subsequently washed three times in phosphate-buffered saline. Since the ratio of positive cells was relatively small, 100,000 cells were measured for each sample.
Calculation of the cell death rate. The degree of rejection of allogeneic donor cells was defined as the cell death rate (R), which was calculated using the following formula: R (%) = (1 -number of remaining allogeneic spleen cells/number of remaining isogeneic spleen cells) x 100.
Statistical analysis. All data were analyzed using SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). Values were presented as means ± standard deviation. One-way analysis of variance was applied for comparing groups. The Dunnett t-test (2-sided) was used to compare the allograft rejection group to the other four groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Low-dose immunosuppressant has no significant effect on graft survival, but high-dose immunosuppressant prolongs graft survival time.
To investigate the effect of different doses of immunosuppressant on graft survival, the number of days that the grafts in each group survived were determined. In the allograft rejection group, the graft turned black on day 9 after the transplantation, indicating complete skin necrosis, with a mean graft survival time of 13.0±1.0 days. In the low-dose immunosuppressant group, rejection occurred on day 12 after the transplantation with a mean survival time of 13.4±1.1 days, whereas the mean survival time of skin grafts in the high-dose immunosuppressant group was 23.2±1.5 days. In the autograft group, the mean graft survival time was longer than 50 days (Fig. 1) . These data indicated that low-dose immunosuppressant had no significant effect on graft survival, but high-dose immunosuppressant prolonged the survival time of the graft.
High-dose immunosuppressant is more effective than low-dose immunosuppressant in suppressing histological
changes of the skin grafts. To visualize the effects of different doses of immunosuppressant on the skin grafts, the tissues were stained with H&E and observed under a microscope. In the allograft rejection group and low-dose immunosuppressant group, necrosis of the skin graft, damaged skin structure and massive lymphocytic infiltration were observed. By contrast, in the autograft and high-dose immunosuppressant groups, the skin grafts showed no histological changes that were associated with necrosis. In addition, the skin structure was normal, and no lymphocytic infiltration was observed (Fig. 2) . These data showed that high-dose immunosuppressant was more effective than low-dose immunosuppressant in suppressing histological changes in the skin grafts.
Allogeneic splenic cells are specifically destroyed in the recipients, but are rescued by high-dose immunosuppressant.
To test how different doses of immunosuppressant affect the ratio of allogeneic splenocytes to isogeneic splenocytes, flow cytometry was employed. In the allograft group, the ratios of the remaining allogeneic splenocytes to the isogeneic splenocytes (as ratios of percentages) at 1, 2, 4 and 8 h after the injection were 3.9:7, 1.07:2.13, 0.35:1.12 and 0.09:0.41, with the proportion of remaining allogeneic spleen cells decreasing rapidly. In the autograft group, the ratios of the remaining allogeneic splenocytes to the isogeneic splenocytes were 2.44:2.44, 1.50:1.64, 1.23:1.46 and 0.93:1.31, which were similar to the ratios in the nontransplant group (3.67:3.45, 2.75:3.12, 1.92:2.45 and 1.21:1.72). In the low-dose immunosuppressant group, the results were similar to those in the allograft group (1.65:4.52, 0.81:3.02, 0.28:1.39 and 0.11:1.07). Finally, the ratios of remaining allogeneic spleen cells to isogeneic spleen cells in the high-dose immunosuppressant group were 8.75:9.21, 2.65:2.86, 1.45:1.67, and 0.93:1.20, which were similar to those in the autograft and control groups (Fig. 3) . In addition, statistical analysis showed that the cell death rate The samples were stained with hematoxylin and eosin, and examined under a microscope (magnification, x100). In (A) and (C) necrosis of the skin graft, damaged skin structures and massive lymphocytic infiltration were observed. In (B) and (D) the skin grafts survived without necrosis, and the skin structures were normal without lymphocytic infiltration.
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of the allograft group was significantly different from those of all other groups with the exception of the low-dose immunosuppressant group at 1, 2, 4 and 8 h after injection (P<0.05), and no significant differences were observed between the cell death rates of the allograft and low-dose immunosuppressants group at 1, 2, 4 and 8 h after injection (P>0.05; Fig. 4 ). These data suggest that the allogeneic splenic cells were specifically destroyed in the recipients, but were rescued by treatment with a high dose of immunosuppressant.
Discussion
The current study investigated a novel and simple in vivo method to monitor the immunological status of skin graft recipients using New Zealand white rabbits. Donor splenocytes in the allograft rejection group and low-dose immunosuppressant group were specifically destroyed by graft recipients. However, specific loss of the labeled splenocytes was not evident in the autograft, nontransplant or high-dose immunosuppressant No specific destructive activity against the labeled splenocytes occurred in the autograft and nontransplant groups, with only gradual rejection being observed. In these groups, the cell death rates were 31.58±3.41 and 33.51±3.49% at 8 h, respectively. This was because the immune systems were not 'activated' in the two groups, and the recipients were not in a state of sensitization, that is, no sensitized lymphocytes, antibodies, and complements were present.
Similarly, in the low-dose immunosuppressant group, the dosage of immunosuppressive agent was not sufficient to effectively inhibit rejection of donor skin and splenocytes by the recipient, resulting in the preservation of a large number of sensitized immune mediators such as lymphocytes, complements and antibodies. The cell death rate at 8 h was 88.14±4.21%, with no statistically significant difference from that of the allograft rejection group. By contrast, the recipients' immune systems were inhibited in the high-dose immunosuppressant group, with a cell death rate of 26.82±3.26% at 8 h, which was significantly different from that in the allograft rejection group, but similar to those of the nontransplant and autograft groups (P>0.05). Therefore, the current study accurately reflected the immunological status of the recipients following transplantation, and was able to clearly distinguish between immune rejection and immune tolerance following transplantation.
Fluorescence-based flow cytometry is advantageous for use as a functional assay for specific cytotoxic T lymphocytes (CTLs) (24, 25) , as it improves on the sensitivity and specificity of in vitro CTL techniques. Fluorescence-based flow cytometry is safe for use in clinical and laboratory experiments and avoids radioactive contamination during experimentation. Unfortunately, it is not able to simulate the biological environment of the body during in vitro CTL experiments due to numerous factors. Therefore, some researchers have suggested using in vivo CTL experiments (26) (27) (28) , in which isogeneic target cells and antigen peptides are injected into animal bodies to compare the in vivo CTL activity of these 'treated' animals with that of the controls. However, these experiments are limited by the detection of reactions between specific CTLs and simple antigens. Antigens for immune rejection are complex antigens, including major histocompatibility antigen (MHC), minor histocompatibility antigen (mH) and other antigens that are involved in the rejection, such as ABO blood group antigens and tissue-specific antigens. Therefore, transplantation rejection is a complicated process involving both cell-mediated immunity and humoral immunity against complex antigens. In vivo experiments of lymphocyte toxicity reflect only the in vivo destructive effect of CTL on certain specific antigens, but cannot comprehensively reflect the rejection process.
The present study was inspired by the application of an in vivo cytotoxicity test. Donor cell complex antigens injected into the recipient not only reflect in vivo CTL activity but also the effect of complicated cellular and humoral immunity on in vivo transplantation rejection. As the splenocytes were from donor rabbits, their antigenicity was nearly the same as the that of the skin graft. Moreover, the number of dead donor cells indirectly reflected the degree of transplantation rejection, since the experiment was conducted in vivo. This assay reflects the rejection and destructive activity of CTLs, as well as a series of destructive effects on cellular and humoral immunity mediated by a variety of immune molecules. Therefore, this assay comprehensively monitors the immunological status of the recipients. The detection method described herein proved to be antigen-specific, and this technique appears to be an excellent method of monitoring the immunological status of a recipient following transplantation.
This in vivo experiment has the potential for wider application. If a sufficient number of target cells and isogeneic internal control cells can be obtained, the fluorescent dye can stain all living cells in the animals (29) . In summary, the present study investigated an experimental protocol that can accurately reflect the immunological status of transplantation recipients and the intensity of transplantation rejection. The method used in this study has previously been demonstrated to be feasible in mouse skin transplantation (30) . However, the protocol is invasive, as it requires a splenectomy in order to create a single-cell suspension. Thus, the application of this method remains relatively limited and further studies are required.
